ABSTRACT This experiment was conducted to evaluate the effects of bile acids (BAs) on the growth performance and lipid metabolism of broilers fed with different energy level diets. 480 one-day-old Arbor Acres broilers (45.01 ± 0.26 g) were allotted to a 2 × 2 factorial design with 2 levels of energy (basal or high-energy level) and 2 levels of BAs (with or without BAs supplementation), resulting in 4 groups of 8 replicates; the experiment lasted 42 d. High-energy diets decreased the feed/gain ratio (F/G) from 1 to 21 d (P < 0.05), and increased the liver index and abdominal fat percentage at 42 d (P < 0.05). The serum total triglyceride (TG) and high-density lipoprotein cholesterol at 42 d were increased by high-energy diets (P < 0.05), while the hepatic lipoprotein lipase (LPL) activity at 21 and 42 d was decreased (P < 0.05). BAs supplementation increased the body weight at 21 d and decreased the F/G during entire period (P < 0.05), as well as improved the carcass quality reflected by decreased abdominal fat percentage at 42 d and increased breast muscle percentage at 21 and 42 d (P < 0.05). The serum TG at 21 and 42 d were decreased by BAs (P < 0.05), and the hepatic LPL activity at 42 d was increased (P < 0.05). In addition, high-energy diets increased the expression of sterol regulatory element binding transcription factor 1, acetyl-CoA carboxylase, and fatty acid synthase (P < 0.05), while BAs diets decreased these genes expression (P < 0.05). Moreover, BAs supplementation also increased the expression of carnitine palmitoyltransferase 1 (P < 0.05), which was increased in high-energy groups (P < 0.05). In conclusion, BAs supplementation could increase growth performance, elevate carcass quality, and improve lipid metabolism in broilers.
INTRODUCTION
Dietary energy level is a pivotal factor that influences the feed efficiency, growth performance, and carcass composition of poultry (Das et al., 2010; Alabi et al., 2014) . Lipids (fat and oil), the most concentrated energy sources for animals, are usually added to poultry diets to meet the requirement of energy for better productivity (Fascina et al., 2009; Abudabos, 2014) . However, there are some problems regarding dietary lipid levels and digestibility in poultry, especially for young birds whose lipid utilization is restricted because of the poor digestive ability resulted from limited endogenous emulsifiers (Lilburn and Loeffler, 2015; Ravindran et al., 2016) . This physiological limitation of the digestive system of poultry may be overcome by using exogenous emulsifier.
Emulsifier can help to increase the active surface of lipids, stimulate the formation of micelles, and then enhance the digestibility of dietary lipids and other nutrients for broilers (Neto et al., 2011; Siyal et al., 2017b) . Upadhaya et al. (2017b) revealed that 1,3-diacylglycerol as an exogenous emulsifier could promote growth performance and enhance nutrient digestibility in broilers. Muhammad et al. (2016) also reported that supplementary emulsifier in broiler diets could increase dry matter and ether extract digestibility. In addition, a great number of studies have also shown that exogenous emulsifier could improve the meat quality and regulate the lipid metabolism of broilers (Zhao and Kim, 2017; Upadhaya et al., 2017a) . Xu et al. (2003) indicated that emulsifier improved the carcass quality of broilers by decreasing activities of the enzymes related to fatty acid synthesis. Huang et al. (2008) result further showed that soylecithin affected hepatic genes expression and thereby regulated the lipid metabolism of broilers.
Bile acids (BAs), synthesized in the liver from cholesterol, help to facilitate the absorption and transport of dietary lipids and fat-soluble vitamins (Boesjes and Brufau, 2014; Xu, 2016) . In addition to the roles in 887 handling nutrients, BAs can also act as signaling regulators which participate in regulating lipid and sugar metabolism (Watanabe et al., 2006; Russell, 2009) . Studies have indicated the positive effects of BAs on treating lipid metabolism-related diseases such as hyperlipidemia, dyslipidemia, and non-alcoholic fatty liver disease (Trauner et al., 2010; Fuchs et al., 2016; Noel et al., 2016) . Recently, the application of BAs as a dietary emulsifier on livestock production has raised increasing attention. Parsaie's et al. (2007) finding provided evidence that dietary BAs could significantly increase the feed intake and daily gain of broilers. The findings of Maisonnier et al. (2003) and Mohammed et al. (2011) also indicated that dietary supplementation with BAs increased the weight gain and fat digestibility of broilers by stimulating the development of intestinal. Latest papers have further revealed that BAs could enhance the activity of intestinal lipase and regulate the expression of hepatic lipogenic genes in broilers (Piekarski et al., 2016; Lai et al., 2018) ; however, the underlying mechanism is still unclear. Additionally, to the best of our knowledge, few research studies have been conducted to investigate the effects of BAs on lipid metabolism, especially in broilers fed with different energy level diets. Therefore, the objective of this study was to evaluate the effects of BAs as an exogenous emulsifier on growth performance, carcass quality, serum lipid profile, and hepatic lipid metabolism-related enzyme activities and gene expression in broilers fed diets with different levels of energy provided by lard.
MATERIALS AND METHODS

Preparation of BAs
The BAs were obtained from Shandong Longchang Animal Health Care Co. Ltd. (Dezhou, P. R. China), which contained 70.67% hyodeoxycholic acid, 19.61% chenodeoxycholic acid, and 8.00% hyocholic acid (Lai et al., 2018) .
Experimental Birds, Design, and Management
The experiment lasted 42 d and was divided into two periods: starter period (1-21 d) and finisher period (22-42 d) . A total of 480 one-day-old male Arbor Acres broilers (45.01 ± 0.26 g) were obtained from a local hatchery (Hewei Anhui, P. R. China). The broilers were allotted to a 2 × 2 factorial arrangement design with 2 levels of dietary energy and 2 levels of BAs supplementation, resulting in 4 groups with 8 replicates of 15 broilers. Groups were as follows: BE (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg), HE (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg), BE-B (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs), and HE-B (starter: ME = 3,030 kcal/kg + 60 g/t 1 BE = basal energy diets (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg); HE = higher energy diets (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg); BE-B = basal energy with BAs diets (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs); HE-B = higher energy with BAs diets (starter: ME = 3,030 kcal/kg + 60 g/t BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs).
2 Premix provided per kg of diet: vitamin A (transretinyl acetate), 10,000 IU; vitamin D3 (cholecalciferol), 3000 IU; vitamin E (all-rac-α-tocopherol), 24 IU; menadione, 1.3 mg; thiamin, 2.2 mg; riboflavin, 8 mg; nicotinamide, 40 mg; choline chloride, 400 mg; calcium pantothenate, 10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B12 (cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper sulfate), 8 mg; Mn (from manganese sulfate), 110 mg; Zn (from zinc oxide), 60 mg; I (from calcium iodate), 1.1 mg; and Se (from sodium selenite), 0.3 mg BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs). All nutrients in diets were formulated based on the recommendation by NRC (1994) for birds ( Table 1) . The broilers were placed in 3-layer cages (125 cm × 65 cm × 50 cm, 8 birds per cage) with continuous lighting during the entire experiment, and provided with tap-water and mash feed ad libitum by trained personnel. The temperature of the experimental room was maintained at 32-34
• C for the first 3 d and then reduced to 22
• C at the rate of 2-3
• C per week. All the experimental design and management were approved by the Animal Care and Use Committee of Nanjing Agricultural University (NJAU-CAST-2017-093).
Sample Collection and Procedures
At 21 and 42 d of age, all broilers were deprived of feed for 12 h and weighted, and 1 broiler with a body weight near the mean of each replicate was randomly selected and weighted. The blood was taken from the wing vein in vacuum tubes and incubated at 37
• C for 2 h, and then the serum was obtained by centrifuging at 3000 × g at 4
• C for 15 min and stored at −20 • C. The birds were euthanized by cervical dislocation, the heart, liver, spleen, thymus, pancreas, bursa of Fabricius, breast muscle, abdominal fat, and gizzard fat were removed and weighed by trained personnel, and then the detached liver tissues from the same location in the right lobe were quickly collected and frozen at −80
• C until subsequent analysis (Cheng et al., 2017) . Organ index was expressed as a percentage of live weight. The thickness of subcutaneous fat was measured at 3 different locations using sliding caliper.
Growth Performance
At 21 and 42 d, broilers in each replicate were weighed after 12 h fasting and feed intake was also recorded based on replicate for calculation of the body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), and feed/gain ratio (F/G).
Serum Lipid Profile
The serum total triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were measured using corresponding commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, P. R. China), which are respectively based on the methods of Allain et al. (1974) ; Shephard and Whiting (1990) ; Harris et al. (1997) , and Sugiuchi et al. (1998) .
Hepatic Enzyme Activities
Approximately 0.3 g liver tissue was homogenized (1:9, wt/vol) in ice-cold NaCl solution (154 mmol/L) using ultraturrax homogenizer (Tekmar Co., Cinatti, OH), and then the supernatant was obtained by centrifuging at 2500 × g for 10 min at 4
• C (Cheng et al., 2017) . The hepatic lipoprotein lipase (LPL) and hepatic lipase (HL) activities were determined by assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, P. R. China) which are based on the method of Zhang et al. (1996) . The activity of total lipase (TL) is the sum of LPL and HL activities.
Real-time Quantitative PCR Analysis of Gene Expression
Total RNA was isolated from frozen liver samples using Trizol Reagent (TaKaRa, Dalian, P. R. China). After the determination of RNA purity and concentration and the verification of RNA integrity, the mRNA was reverse-transcribed into cDNA using a commercial kit (PrimeScript RT Reagent kit, TaKaRa, Dalian, P. R. China). The Real-time PCR was carried out on an ABI 7300 Fast Real-time PCR detection system (Applied Biosystems, Foster City, USA). The reaction mixture consisted of 2 μL of cDNA, 0.4 μL of the forward and reverse primers, 10 μL of SYBR1 Premix Ex Taq (2X), 0.4 μL of ROX reference dye (50X), and 6.8 μL of ddH 2 O. The reaction conditions were as follows: 95
• C for 30 s, 40 cycles of 95
• C for 5 s, and 60
• C for 30 s. The relative mRNA expression levels of genes were calculated using the 2 −ΔΔCt method and normalized to the value of β-actin. The valves of the BE group were used as a calibrator. The primer sequences used are listed in Table 2 . All the processes were according to Zhang et al. (2014) and each sample was assayed in triplicate.
Statistical Analysis
Data were analyzed using SPSS software (SPSS, 2011) . GLM procedure was performed to look for significant differences, comparing the effects of diets (energy), additive (BAs), and the interaction (energy × BAs). If significant differences (P < 0.05) were detected in the interaction of the main effects, Tukey's multiple range test was used to compare the means. P-values < 0.05 were considered statistically significant, and the results were presented as means and their pooled standard errors (SEM). 1 BW = body weight; ADFI = average daily feed intake; F/G = feed/gain ratio. 2 BE = basal energy diets (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg); HE = higher energy diets (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg); BE-B = basal energy with BAs diets (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs); HE-B = higher energy with BAs diets (starter: ME = 3,030 kcal/kg + 60 g/t BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs).
3 SEM = total standard error of means (n = 8).
RESULTS
Growth Performance
As presented in Table 3 , from 1 to 21 d, broilers fed high-energy diets had lower F/G compared with the broilers in basal energy groups (P < 0.05), but BAs diets increased ADG and BW (P < 0.05). Compared with groups fed diets without BAs, BAs diets groups had lower F/G during the overall period (P < 0.05). The interaction of energy and BAs has not been found on growth performance in broilers (P > 0.05).
Organ Index
At 21 d, high-energy diets groups had higher subcutaneous fat thickness compared with the basal energy diets groups (P < 0.05), and the liver index was decreased by supplementing BAs (P < 0.05) ( Table 4) . At 42 d, treatment with high energy increased the liver index and abdominal fat percentage (P < 0.05), but BAs supplementation decreased those parameters significantly (P < 0.05). The breast muscle percentage was obvious increased in BAs groups at 21 and 42 d (P < 0.05). Additionally, the interaction between energy and BAs was found on the liver index (P < 0.05), in which dietary BAs decreased the liver index in high-energy diets groups rather than basal energy diets groups.
Serum Lipid Profile
As shown in Table 5 , compared with basal energy diets, high-energy diets increased TG and HDL-C contents in the serum at 42 d (P < 0.05), whereas had no influence on serum lipid profile at 21 d (P > 0.05). The concentration of TG was significantly decreased in BAs groups at 21 d (P < 0.05). Furthermore, at 42 d, dietary BAs supplementation also decreased the concentration of TG and LDL-C (P < 0.05). No interaction was observed between energy and BAs on serum lipid profile (P > 0.05).
Hepatic Enzyme Activities
The result of hepatic enzyme activities was presented in Table 6 . Compared with the basal energy level, the activities of LPL and TL in liver were decreased by dietary high-energy supplementation at 21 d (P < 0.05). Additionally, the high-energy diets also decreased the LPL activity at 42 d (P < 0.05), which was increased by supplementing with BAs (P < 0.05). The dietary energy level and BAs addition had not mutual effect on hepatic enzyme activities (P > 0.05).
Gene Expression Levels
At 21 d, high-energy diets increased the expression levels of SREBF1 and ACC, and decreased the CPT1 expression level (P < 0.05) (Figure 1 ). The expression levels of SREBF1 and ACC were decreased by BAs treatments (P < 0.05), while the expression levels of CPT1 and PPARα were increased (P < 0.05). At 42 d, the SREBF1 and FAS expression levels were increased, and the CPT1 expression level was decreased by highenergy level diets (P < 0.05). In contrast, BAs treatments decreased SREBF1 and ACC expression levels, while the expression levels of CPT1 and PPARα were increased (P < 0.05). No interaction was found between 1 TG = total triglyceride; TC = total cholesterol; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol.
2 BE = basal energy diets (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg); HE = higher energy diets (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg); BE-B = basal energy with BAs diets (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs); HE-B = higher energy with BAs diets (starter: ME = 3,030 kcal/kg + 60 g/t BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs).
energy and BAs on the expression levels of hepatic lipid metabolism-related genes (P > 0.05).
DISCUSSION
As the main energy source in feed, lipids can not only provide animals with energy and essential fatty acids, but also enhance palatability and feed efficiency.
Several reports have shown that increased dietary energy by adding lipids could reduce the F/G of broilers from 1 to 21 d (Maiorka et al., 2004; Niu et al., 2009) . This is similar with our result that the F/G was lower in the high-energy diets groups than the basal energy diets groups, which may be the result of energy being more easily utilized for broiler growth. However, unreasonable emphasis on feed reward by adding lipids may compromise their function 2 BE = basal energy diets (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg); HE = higher energy diets (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg); BE-B = basal energy with BAs diets (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs); HE-B = higher energy with BAs diets (starter: ME = 3,030 kcal/kg + 60 g/t BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs).
3 SEM = total standard error of means (n = 8)
of promoting growth and may even lead to negative effects on broilers due to their limited digestive ability (Tancharoenrat et al., 2013; Siyal et al., 2017b) . And it is accordingly necessary to grapple with this problem, such as by supplementing exogenous emulsifier in diets. Previous studies have demonstrated that exogenous emulsifier inclusion could promote the growth performance of broilers (Martínez, 2013; Wang et al., 2016) . Likewise, in this study, BAs supplementation significantly improved the ADG and BW during 1 to 21 d and reduced the F/G during the entire period of the experiment, which is in agreement with Kermanshahi's (2011) results on bile. Emulsifier as a kind of amphiphilic molecules can increase the absorption of fat-soluble nutrients (Zou et al., 2015) . Maisonnier et al. (2003) finding also showed that dietary BAs could increase lipid digestibility and BW in broilers. These findings may imply that supplementation of BAs in diets improved the growth performance of broilers by enhancing the solubility and digestion of dietary fat and fat-soluble nutrients in this study. Excessive fat deposition is one of the main problems faced by the poultry industry, which reduces carcass yield and therefore causes great waste in the slaughterhouse. In fact, the dietary high energy usually contributes to more fat deposition in poultry (Xie et al., 2010; Fouad and Elsenousey, 2014) . Subcutaneous and abdominal fat are considered as the major factors influencing the carcass yield of poultry (TůMová and Teimouri, 2010) . Our data also showed that high-energy diets increased the thickness of subcutaneous fat at 21 d and the abdominal fat percentage at 42 d. These findings are similar to the results of Yuan et al. (2008) . On the contrary, many researchers have pointed out the positive effects of emulsifier on reducing fat deposition and improving carcass quality in broilers (Xu et al., 2003; Zhao and Kim, 2017) . In our study, BAs significantly decreased the abdominal fat percentage at 42 d, and increased the breast muscle percentage at both 21 and 42 d, suggesting that BAs could improve carcass quality in broilers. Lai et al. (2018) also verified these results, and this simultaneous increase in the breast muscle percentage but decrease in the abdominal fat may also suggest that BAs could promote broilers to use more nutrients for muscle growth than fat deposition. Additionally, in this study, high-energy diets increased the liver index at 42 d, which was significantly decreased by BAs; and the interaction between energy level and BAs was found on this parameter. The liver is the primary site for fatty acid synthesis in poultry (Xu et al., 2003) and it has been reported that high dietary energy could cause excessive deposition of triglycerides in the liver (Zaman et al., 2008) , thus we assumed that the increased liver index in high-energy diets groups may be associated with increased hepatic fat deposition and BAs could alleviate high energy-induced adverse effects on hepatic fat deposition and liver index. However, further researches are required to investigate this assumption.
Although the reduced fat deposition and increased muscle growth appeared to be a ubiquitous response to BAs treatment, it is still worth to further study the lipid metabolism status in these broilers. Serum TG, TC, HDL-C, and LDL-C are the key indicators of lipid metabolism balance (Helkin et al., 2016) . In this study, high-energy diets increased the serum TG and decreased the hepatic LPL activity in broilers. LPL is a rate-limiting enzyme catalyzing the hydrolysis of serum TG into fatty acids, which are subsequently taken into tissues (Strauss et al., 2001) . A decreased LPL activity could increase serum TG and even cause excessive fat deposition in the liver (Davail et al., 2000) . Therefore, the diminished hepatic LPL activity may be the reason for the higher serum TG level in high-energy diets groups, and they may also confirm to some extent that high-energy diets increased hepatic fat deposition in these broilers. On the contrary, BAs increased the activity of hepatic LPL in broilers at 42 d and PPARα = peroxisome proliferator activated receptor alpha; CPT1 = carnitine palmitoyltransferase 1.BE = basal energy diets (starter: ME = 2,940 kcal/kg; finisher: ME = 3,110 kcal/kg); HE = higher energy diets (starter: ME = 3,030 kcal/kg; finisher: ME = 3,200 kcal/kg); BE-B = basal energy with BAs diets (starter: ME = 2,940 kcal/kg + 60 g/t BAs; finisher: ME = 3,110 kcal/kg + 80 g/t BAs); HE-B = higher energy with BAs diets (starter: ME = 3,030 kcal/kg + 60 g/t BAs; finisher: ME = 3,200 kcal/kg + 80 g/t BAs). Data are presented as means ± SEM (n = 8).
decreased the serum TG level at both 21 and 42 d. This is similar with Lai et al. (2018) findings showing that supplementation with 60 and 80 mg/kg BAs significantly increased the activity of duodenum LPL in broilers. Furthermore, Huang et al. (2008) and Siyal et al. (2017a) findings showed that dietary emulsifier could reduce serum TG concentrations in broilers. Therefore, we assumed that dietary supplementation with BAs could decrease serum TG level by increasing hepatic LPL activity; and these results also implied an ability of BAs to improve lipid metabolism status in broilers. In addition to the increased serum TG, the HDL-C content at 42 d was higher because of the increased dietary energy in this study. Dietary factors such as high-fat level have been previous shown to increase HDL-C concentrations (Siritarino, 2011) . HDL-C is responsible for the transportation of TC in peripheral tissues and blood back to the liver (Peter, 2000) ; therefore, the higher serum HDL-C content in high-energy diets groups may imply that the live absorbed more TC and this may influence the hepatic fat deposition in broilers.
Several evidences have further demonstrated that BAs can activate nuclear receptor Farsenoid X Receptor (FXR), which can restrain the expression of hepatic SREBF1, FAS, and ACC (Noel et al., 2016; Schonewille et al., 2016) . SREBF1, a transcription factor belonging to the basic helix-loop-helixleucine zipper family, encodes SREBP-1a, and SREBP-1c both of which can regulate gene expression related to lipids metabolism, especially the lipogenic genes including ACC and FAS (Watanabe et al., 2004; Hellard et al., 2010) . The present study showed that diets with high-energy level activated the expression of hepatic lipogenic genes reflected by elevated expression levels of SREBF1, FAS, and ACC, but BAs diminished the expression levels of these three genes. Piekarski et al. (2016) findings also reported that chenodeoxycholic acid decreased the expression levels of ACC and FAS. Both CPT1 and PPARα are the lipolytic genes. CPT1 encodes a ratelimiting enzyme of fatty acid oxidation, which helps to promote the transport of activated fatty acids to the mitochondria for β-oxidation (Schreurs et al., 2010; Zhao et al., 2010) . PPARα is a member of super family of nuclear receptors, which regulates the gene transcription of lipolytic enzymes for fatty acid oxidation (Bremer, 2001; Cattley, 2003) . In the present study, high-energy diets significantly diminished the expression level of CPT1, while the BAs elevated the expression levels of both hepatic CPT1 and PPARα. Furthermore, previous studies have shown that serum lipids and abdominal fat deposition can be improved by enhancing the expression of PPARα and CPT1 in broilers (Fouad et al., 2013; Han et al., 2016) . Based on the above results, we therefore assumed that BAs may promote fat catabolism and restrain fat synthesis through regulating lipid metabolism-related genes expression, which may exert a pivotal role in improving the serum lipid profile and reducing the fat deposition in broilers.
CONCLUSION
In summary, the high-energy treatment induced negative impacts on the carcass quality and serum lipid profile in broilers. Dietary supplementation with BAs could enhance growth performance, elevate carcass quality, as well as improve lipid metabolism status by regulating the hepatic lipid metabolism-related gene expression and enzyme activities in broilers. However, further researches need to be conducted to explore the mechanism for the effects of BAs on the lipid metabolism in broilers.
